Angiosperm male reproductive organs (anthers and pollen grains) have complex and interesting morphological features, but mechanisms that underlie their patterning are poorly understood. Here we report the isolation and characterization of a male sterile mutant of No Pollen 1 (NP1) in rice (Oryza sativa). The np1-4 mutant exhibited smaller anthers with a smooth cuticle surface, abnormal Ubisch bodies, and aborted pollen grains covered with irregular exine. Wild-type exine has two continuous layers; but np1-4 exine showed a discontinuous structure with large granules of varying size. Chemical analysis revealed reduction in most of the cutin monomers in np1-4 anthers, and less cuticular wax. Map-based cloning suggested that NP1 encodes a putative glucose-methanol-choline oxidoreductase; and expression analyses found NP1 preferentially expressed in the tapetal layer from stage 8 to stage 10 of anther development. Additionally, the expression of several genes involved in biosynthesis and in the transport of lipid monomers of sporopollenin and cutin was decreased in np1-4 mutant anthers. Taken together, these observations suggest that NP1 is required for anther cuticle formation, and for patterning of Ubisch bodies and the exine. We propose that products of NP1 are likely important metabolites in the development of Ubisch bodies and pollen exine, necessary for polymerization, assembly, or both.
INTRODUCTION
The male reproduction in flowering plants involves a complex series of biological events. Its proper coordination is essential in the life cycle and survival of plants, with practical application in crop improvement (Zhang and Liang, 2016) . Anthers, the plant male organ, are covered by a cuticle layer composed of two lipidic biopolymers, cutin and wax. Each male gametophyte, within the anther locule, is surrounded by a pollen wall, a specialized extracellular structure that protects gametophytes as they develop into pollen grains. This wall is necessary for the formation, maturation, dispersal and spreading of pollen, and successful pollination. Normally it has three parts: the exine (outer pollen wall), the intine (inner pollen wall), and the pollen coat (Blackmore et al., 2007; Shi et al., 2015) . The exine's major component is sporopollenin, a durable biopolymer that helps the pollen grain resist dehydration, pathogens, and chemical and physical damage (Piffanelli et al., 1997) . Given the wall's role during pollination, species-specific surface features of the exine are important for the eventual capture of pollen grains on the stigma (Zinkl et al., 1999) . Most mutants defective in pollen exine development exhibit lower fertility or even sterility (Li and Zhang, 2010; Quilichini et al., 2015; Shi et al., 2015) .
The sporopollenin in exine is a complex hydrophobic biopolymer whose chemical composition remains obscure, being difficult to purify and isolate in quantities sufficient for analysis. It has been known for a long time that its constituents are derived from phenolic and fatty acids, covalently connected by ester or ether linkages (Scott, 1994; Kim and Douglas, 2013) . Recent genetic and molecular studies have brought considerable advances in our understanding of sporopollenin biosynthesis and transport Shi et al., 2015; . Male Sterile2 (MS2) from Arabidopsis thaliana and its ortholog Defective Pollen Wall (DPW) from rice (Oryza sativa) encode a class of plastid-localized fatty-acyl carrier protein reductases that catalyze the conversion of fatty-acyl carrier proteins to the corresponding fatty alcohols (Chen et al., 2011; Shi et al., 2011) . Together with fatty acids generated de novo in plastids, in the endoplasmic reticulum these alcohols are driven further to produce tri-or tetraketide-pyrones, putative building blocks of sporopollenin in Arabidopsis and rice, after the successive action of enzymes including acyl-CoA synthetase (ACOS5; de Azevedo Souza et al., 2009) , POLYKETIDE SYNTHASE [PKSA/ B, also named Less Adherent Pollen 5/6 (LAP5/6); Dobritsa et al., 2010; Kim et al., 2010; ] and TETRAKETIDE a-PYR-ONE REDUCTASE (TKPRs; Grienenberger et al., 2010) . In addition, two members of the cytochrome P450 (CYP450) family -one is Arabidopsis CYP703A2 and rice ortholog CYP703A3 (Morant et al., 2007; Yang et al., 2014) , and the other is Arabidopsis CYP704B1 (Dobritsa et al., 2009 ) and rice ortholog CYP704B2 (Li and Zhang, 2010; -have been shown to participate in the in-chain and omega-hydroxylation of fatty acids, respectively. The central biosynthetic pathway is highly conserved, not only in Arabidopsis and rice, but also in other species Yi et al., 2010; Shi et al., 2011 Shi et al., , 2015 Wang et al., 2013; Yang et al., 2014; Quilichini et al., 2015; Wallace et al., 2015; Zhang and Liang, 2016; .
Most enzymes involved in sporopollenin biogenesis are preferentially expressed in the tapetum, the innermost sporophytic cell layer of the anther wall, suggesting that synthesis of sporopollenin precursors mainly occurs in the innermost sporophytic cell layer of the anther wall. The secretion and translocation of these precursors from tapetal cells to microspores is mediated by proteins such as ATP-binding cassette (ABC) transporters, lipid transfer protein (LTP), and multidrug and toxic efflux (MATE) proteins . ABC transporters move a wide range of lipidic molecules across cell membranes employing ATP-derived energy . AtABCG26 and its ortholog OsABCG15 have been demonstrated to transport sporopollenin precursors across the tapetum plasma membrane (Xu et al., 2010; Qin et al., 2013; Zhu et al., 2013; Quilichini et al., 2014; Zhao et al., 2015) . Recently we reported a critical role of OsABCG26 (ortholog of AtABCG11) in facilitating the formation of anther cuticle and pollen exine via its collaboration with OsABCG15 in rice (Zhao et al., 2015) . LTPs are able to carry lipid molecules and move into the extracellular space Liu et al., 2013 Liu et al., , 2014 Wei and Zhong, 2014) , and their functions in exine transportation have been confirmed in Arabidopsis and rice, such as Arabidopsis type III LTPs (Huang et al., 2014) , GPI-anchored non-specific LTPs (LTPGs; Edstam et al., 2014) , and rice OsC6 . In addition, Ubisch bodies or orbicules present on the inner surface of tapetal cells in rice and other secretory tapetum plants, which bear electron-dense materials and display spinous or rod-like protrusions resembling those of the pollen exine, are proposed as translocators of sporopollenin precursors onto the surface of microspores (Huysmans et al., 1998; Wang et al., 2003) . Previous studies also indicated that rice anther cutin and pollen sporopollenin share some common precursors that are synthesized in the tapetum. Disruption of key genes involved in the biosynthesis of sporopollenin also affects the normal formation of anther cuticle (Li et al., 2006 Shi et al., 2011; Yang et al., 2014; Zhao et al., 2015) .
Despite great morphological diversity in the pollen exine, this outer part of the pollen wall most commonly contains an inner nexine and an outer sexine. The sexine itself has two layers: an outer tectum; and an inner layer of bacula between the tectum and the nexine (Li and Zhang, 2010; Ariizumi and Toriyama, 2011; Xu et al., 2014) . Formation of the pollen exine involves three major steps: (i) development of a callose wall during the meiosis stage; (ii) formation of a cellulosic primexine at the tetrad stage; and (iii) deposition and polymerization of sporopollenin precursors on the pollen surface during microspore developmental stages. The sculptured geometry of the pollen surface is ultimately determined by the patterning of sporopollenin deposition and assembly. The callose wall, a specialized temporary cell wall surrounding microsporocytes and the primexine, a microfibrillar matrix provide initial deposition sites for sporopollenin. Disruptions of genes in the formation and dissolution of the callose wall during the meiosis stage, including Callose synthase 5 (CalS5; Dong et al., 2005) , CYCLIN-DEPEDENT KINASE G1 (CDKG1; Huang et al., 2013) , AUXIN RESPONSE FACTOR17 (ARF17; Yang et al., 2013) and AtMYB103 (Zhang et al., 2007) , all lead to defective primexine deposition and irregular pollen exine patterns in the mutants. Disruptions of genes in the primexine formation and deposition as well as plasma membrane undulations, including DEFECTIVE EXINE FOR-MATION1 (DEX1; Paxson-Sowders et al., 1997 , 2001 , NO EXINE FORMATION1 (NEF1; Ariizumi et al., 2004) , RUP-TURED POLLEN GRAIN1 (RPG1; Guan et al., 2008) , NO PRI-MEXINE AND PLASMA MEMBRANE UNDULATION (NPU; Chang et al., 2012) , SPONGY2 (SPG2; Li et al., 2016) , and UNEVEN PATTERN OF EXINE (UPEX1; Li et al., 2016) from Arabidopsis and OsDEX1 from rice (Yu et al., 2016) , after the tetrad formation, also result in aberrant pollen exine pattern. Obviously, the processes of callose and primexine formation are associated with pollen exine patterning.
Compared with the relatively well-studied formation of callose and primexine, polymerization of sporopollenin precursors in exine patterning is poorly understood. Following the tetrad stage, a characteristic exine pattern is rapidly formed on the surface of young microspores. It has been proposed that certain properties of sporopollenin precursors enable self-assembly (Hemsley et al., 1996; Gabarayeva and Hemsley, 2006; Gabarayeva and Grigorjeva, 2016 ), but it is not known which elements contribute to these intrinsic properties -nor how they control assembly.
In this study, we isolated and characterized the function of No Pollen 1 (NP1), which plays a critical role in the formation of anther cuticle and pollen exine in rice. The mutant np1-4 exhibits irregular assembly patterns for exine and for Ubisch bodies, displaying a smooth anther surface without the typical spaghetti-like cuticle. In agreement with previous reports that rice sporopollenin and anther cutin share some common precursors, we find that amounts of both cutin and wax in mutant anthers were dramatically reduced in np1-4. Map-based cloning and sequence analysis revealed that NP1 encodes a putative glucose-methanol-choline (GMC) oxidoreductase. We propose that NP1 is likely to be involved in the production of lipidic molecules required for polymerization or assembly (or both) of sporopollenin precursors. Our study provides insights into mechanisms underlying the assembly of sporopollenin precursors during formation of the pollen wall in rice.
RESULTS

Isolation and genetic analysis of np1-4
From our rice mutant library (Chen et al., 2006) , we isolated a rice male-sterile mutant exhibiting aberrant structure in both anther cuticles and pollen walls. This mutant is designated no pollen 1 (or np1-4) because it lacks mature pollen grains in the locules of late-development anthers, and three other alleles of this mutant have been reported (see below). Although np1-4 at first displayed normal vegetative growth and regular transition to reproductive growth (Figure 1a) , it then showed smaller and pale yellow anthers than wild-type, and lacked mature pollen grains (Figure 1b-g ). When pollinated with wild-type pollen grains, np1-4 was able to set seeds, indicating a normal female development. All of the F1 progeny were fertile in this way, but the F2 plants showed an approximate 3:1 ratio for phenotype segregation (fertility:sterility = 75:21, v 2 = 0.5, P > 0.05). This demonstrates that np1-4 is a recessive single mutation, and these observed phenotypes are now known to be consistent across other alleles of NP1 (Chang et al., 2016) .
NP1 is required for microspore development after meiosis
To reveal the cytological defects of np1-4, anther development in the mutant and wild-type was analyzed using transverse sections based on their developmental stages (Zhang and Wilson, 2009; Zhang et al., 2011) . No differences were visible between wild-type and np1-4 until stage 9, and pollen mother cells in np1-4 were able to undergo normal meiosis and produce microspores (evidenced by DAPI staining; Figures 2a, b , f, g, and S1). At stage 10, wild-type microspores were round and became vacuolated, but np1-4 microspores had irregular shape without vacuolation ( Figure 2h ). Wild-type tapetal cells at this stage were darkly stained and appeared to be degraded into thinner layers ( Figure 2c ). On the contrary, np1-4 tapetal cells were more lightly stained and less condensed, suggesting retarded tapetal degeneration. At stage 11, wild-type microspores underwent the first mitosis and became falcate ( Figure 2d ), but np1-4 microspores began to collapse (Figure 2i ). At stage 12, wild-type anther locules were full of darkly stained pollen grains (Figure 2e ), while np1-4 locules contained only remnants of degraded microspores ( Figure 2j ).
NP1 is required for Ubisch body morphogenesis and pollen formation
To investigate np1-4 developmental defects in greater detail, we used transmission electron microscopy (TEM) to observe anther development. No discernable differences between wild-type and np1-4 were found at stage 8b (Figure S2) . At stage 9, wild-type microspores were freed from tetrads, and Ubisch bodies started to emerge on the inner surface of tapetal cells ( Figure 3a ). Meanwhile, a thin layer of sexine appeared on the microspore surface ( Figure 3d ). No significant differences were observed in np1-4 microspores at this stage ( Figure 3e and h). Wild-type Ubisch bodies exhibited an electron-transparent central kernel and a few electron-dense particles on the top (Figure 3b ), while np1-4 Ubisch body kernels were surrounded by abundant electron-dense materials, leaving only a small hole on one side ( Figure 3f ). In addition, compared with evenly distributed bacula on the surface of wild-type microspores ( Figure 3c and d), electron-dense granules of bigger size were observed on the surface of np1-4 microspores (Figure 3g and h). At stage 10, the wild-type tapetal layer degenerated and microspores became vacuolated (Figure 3i) , while the np1-4 tapetal layer expanded abnormally and microspores were aborted ( Figure 3m ). Wild-type Ubisch bodies carried materials that were much more electron-dense, of irregular shape and size ( Figure 3j ), and pollen exine formed with two well-organized electron-dense layers ( Figure 3l ). However, np1-4 Ubisch bodies became much bigger and retained a round shape with a hole on one side ( Figure 3n ). Sporopollenin precursors deposited on np1-4 microspores appeared as a much looser twolayer structure with large granules of variable size. No baculum structure was observed, and the tectum and nexine layers became discontinuous compared with those of the wild-type ( Figure 3k , l, o and p). Late in stage 11, wild-type anthers generated a finger-like cuticle structure on the outer surface, while only a thin cuticle layer was found in np1-4 (Figure 3q and r). Wild-type pollen grains began formation of intine, while np1-4 grains totally collapsed with only irregular remnants of exine ( Figure 3t ). These observations indicated that assembly patterns of both Ubisch bodies and exine were altered in np1-4. Scanning electron microscopy (SEM) was then used to observe the morphology of lipidic biopolymers in the anthers of wild-type and np1-4. At stage 12, wild-type anther cuticle showed a typical spaghetti-like pattern (Figure 4a) , whereas np1-4 anther surface was nearly smooth, lacking the characteristic cuticle structure (Figure 4e ). Consistent with TEM observations (Figure 3n and p), at this stage abundant Ubisch bodies with crystal-like shape, carrying several small protruding particles, were secreted onto the locular side of wild-type anthers ( Figure 4b ). But np1-4 Ubisch bodies appeared as spherical particles with a hole on the top of each and stacking like beads on the surface of tapetal cells (Figure 4f ), again consistent with TEM observations (Figure 3n and p). In wild-type anthers, Figure 2 . Transverse section analysis of the anther development in the wild-type and np1-4. Comparison of transverse section images of anthers in wild-type (a-e) and np1-4 (f-j). DMsp, degenerated microspores; E, epidermis; En, endothecium; Ml, middle layer; Msp, microspore; T, tapetum; Tds, tetrads. Scale bars: 25 lm (a-j).
globular pollen grains developed an elaborate exine pattern at maturity (Figure 4c and d) . By contrast, in mutant anthers, pollen grains collapsed (Figure 4g ) with large sporopollenin aggregate particles on the surface, inconsistent with TEM observations (Figures 3t and 4h ). Taken together, our observations indicate that NP1 is required for the formation of anther cuticle, Ubisch bodies, the pollen wall and exine patterning.
Altered aliphatic compositions in np1-4 anthers
Abnormalities in both cuticle layer and pollen exine suggested that np1-4 alters the biosynthesis, transport, or assembly of cuticle and exine precursors. To confirm this, we measured cuticular wax and cutin constituents in anthers of wild-type and np1-4, using gas chromatography-mass spectrometry (GC-MS) and gas chromatographyflame ionization detection (GC-FID; Bonaventure et al., 2004; Franke et al., 2005 ). An adapted method described by was used to measure the surface area of anthers, in which measured values of the surface area of randomly selected anther samples were plotted against their weights ( Figure S3 ). The total amount of anther cuticular wax in np1-4 was 41.6% less than in wild-type: 0.044 lg mm À2 as opposed to 0.075 lg mm À2 (Figure 5a ). Notably, although most wax constituents were reduced, the amounts of C33:1 and C35:1 alkenes, namely campesterol and b-sitosterol, were increased in the mutant ( Figure 5c ; Table S2 ). The total amount of cuticular wax in np1-4 anthers was 51.6% less than that in wild-type: 0.096 lg mm À2 as opposed to 0.198 lg mm À2 . This is largely accounted for by a reduction in major aliphatic cutin monomers, mostly hydroxylated components, such as18-hydroxy-oleic acid, 9 (10),16-dihydroxy-hexadecanoic acid, 18-hydroxy-octadecenoic acid and 9-epoxy-18-hydroxy-octadecanoic acid (Figure 5b ; Table S1 ). Given our previous understanding that rice tapetum has a common biosynthetic pathway for providing precursors of anther cuticle and sporopollenin, our chemical analysis demonstrated that NP1 plays an essential role in synthesizing lipidic precursors for the formation of anther cuticle and pollen exine in rice.
Map-based cloning of NP1
To identify NP1, a map-based cloning approach was used. The mutated gene was located between markers 83T-8 and LE-4, defining a 247-kb region on chromosome 10 (Figure 6a ; Table S3 ). Subsequent sequence analysis revealed an 8-bp deletion in the second exon of LOC_Os10g38050 (http://www.gramene.org), which encoded an enzyme belonging to the GMC oxidoreductase family. The deletion caused a frame shift and production of an abnormal protein of similar size, which contained part of the first GMC oxidoreductase domain and a new C-terminus with different amino acid sequence (Figure 6b ). The male sterility of np1-4 was rescued by introducing a wild-type genomic DNA fragment containing the coding region, 2899-bp upstream and 903-bp downstream regions of NP1 (Figure S4 ). This result confirmed that mutation in NP1 is responsible for the developmental defects observed in the mutant. In a study parallel to ours, -4OsNP1 mutation was also found to cause defects in pollen exine and cuticle development (Chang et al., 2016) . Glucose-methanol-choline oxidoreductase has been reported to catalyze the oxidation of an alcohol moiety to the corresponding aldehyde or ketone, and use flavin adenine dinucleotide (FAD) as the cofactor (Wongnate and Chaiyen, 2013) . A recent report showed that these oxidoreductases share similar structural folding using the hydride transfer mechanism for flavin reduction, and exist widely in eukaryotes. NP1 has two oxidoreductase domains containing FAD binding sites and one catalytic domain (http://smart.embl-heidelberg.de). Previous reports indicated that there are eight and seven NP1-like genes in Arabidopsis and rice, respectively (Krolikowski et al., 2003; Akiba et al., 2014) . HOTHEAD (HTH) in Arabidopsis (Krolikowski et al., 2003; Kurdyukov et al., 2006) and ONI3, the rice ortholog of HTH (Akiba et al., 2014) , affects cutin metabolism and organ genesis. The orthologous gene of NP1 in maize, IPE1, is also involved in pollen exine and cuticle formation, suggesting a conserved role of NP1 and its orthologs in plant male reproduction . (s) and (t) Pollen exine at stage 12 of wild-type and np1-4. Scale bars: 1 lm. C, cuticle; Dsp, degenerated microspores; E, epidermis; En, endothecium; Ex, exine; In, intine; Ml, middle layer; Msp, microspores; T, tapetal layer. Ub, Ubisch body.
NP1 is mainly expressed in tapetal cells
The developmental defects of np1-4 occur only during anther development; no obvious defects were observed at other developmental processes, indicating that NP1 may have a specific function within the anther. To test this hypothesis, we performed quantitative reverse transcription polymerase chain reaction (qRT-PCR) and showed that NP1 was preferentially expressed in the anther from stage 8 to stage 10 ( Figure 7a) . Although a low level of NP1 expression was detected in vegetative organs, such as lemma and palea, no obvious abnormalities were observed in them. This result may be explained by gene redundancy, as three closely related homologs of NP1 exist in the rice genome. The specific expression pattern of NP1 was consistent with the phenotypic changes of the mutant. To determine more precisely the spatial and temporal patterns of NP1 expression, we introduced the construct containing the promoter of NP1 (pNP1) fused with GUS (bglucuronidase) into wild-type plants. In transgenic plants carrying the pNP1::GUS construct, GUS signals were detectable in the anther at stages 8b, 9 and 10 (Figure 7b) , which was consistent with qRT-PCR data ( Figure 7a ) and confirmed by observations on transverse sections of anthers from transgenic plants (Figure 7c ). These results demonstrated that NP1 has a specific role in both anther development and pollen formation.
In silica analysis on microarray data of known transcription factors controlling cuticle and exine formation in rice revealed that the expression of NP1 was significantly reduced in mutant anthers of tapetum degradation retardation (tdr; Li et al., 2006; Zhang et al., 2008) and tdr-interacting protein2 (tip2; Fu et al., 2014;  Table S6 ), suggesting that NP1 may be controlled by the key regulators of tapetal development and function. . Analysis of anther cutin monomers and wax compositions in wild-type and np1-4 by gas chromatography-mass spectrometry (GC-MS) and gas chromatography-flame ionization detection (GC-FID).
(a) Total cutin and wax amounts per unit surface area (lg mm À2 ) of wild-type and np1-4 anthers.
(b) Cutin monomer amounts per unit surface area (lg mm À2 ) of wild-type and np1-4 anthers.
(c) Wax constituent amounts per unit surface area (lg mm À2 ) of wild-type and np1-4 anthers. The values indicate means of five biological replicates AE SD. Compound names are abbreviated as follows: C16:0 FA, hexadecanoic acid; C18:0 FA, octadecanoic acid; C18:1 FA, oleic acid; C18:2 FA, linoleic acid, C18:3 FA, calendic acid; C26 FA, cerotic acid; ALK, alkane; C16:0 x-HFA, 16-hydroxy-hexadecanoic acid; C18:1 x-HFA, 18-hydroxy-oleic acid; C18:2 x-HFA, 18-hydroxy-linoleic acid; cis-9,10 epoxy C18 x-HFA, cis-9,10-epoxy-18-hydroxy-octadecanoic acid; cis-9,10 epoxy C18:1 x-HFA, cis-9,10-epoxy-18-hydroxy-oleic acid; chlorohydrin of 9,10 epoxy C18 x-HFA, chlorohydrin of 9,10-epoxy-18-hydroxy-octadecanoic acid; C16-9/10, 16 DHFA, 9(10), 16-dihydroxy-hexadecanoic acid; C20 2HFA, 2-hydroxy-eicosanoic acid; C24:0 2HFA, 2-hydroxy-tetracosanoic acid; C26:0 2HFA, 2-hydroxy-hexacosanoic acid.
Mutation in NP1 affects the expression of genes related to lipid metabolism
To explore the impact of NP1 mutation on lipid metabolism during male reproductive events, we detected and compared the expression level of genes known to be involved in cutin and sporopollenin biosynthesis and transportation, in wild-type and np1-4 anthers at stages 8b-11. Compared with wild-type, expression levels of three cutin and sporopollenin biosynthetic genes (DPW, CYP703A3 and CYP704B2) and two lipid transport genes (OsABCG15 and OsABCG26) were comparable with that of wild-type at stage 8, and significantly decreased at later stages in np1-4 (Figure 7d ). This shows that disruption of NP1 may affect not only the biosynthesis of lipidic compounds but also their secretions to the anther cuticle and pollen surface, both of which are required for anther cuticle and pollen exine development.
DISCUSSION
NP1 is involved in patterning of Ubisch body and pollen exine
The pollen surface morphology is species-specific and highly variable. The sculptured exine pattern is determined mainly by deposition and assembly of sporopollenin. In Arabidopsis, identification and characterization of a number of exine-patterning mutants provided clues to the underlying genetic mechanisms (Ariizumi and Toriyama, 2011; Quilichini et al., 2015; Shi et al., 2015) , but far less was known in the case of rice. The present study fills that gap, demonstrating that the enzyme NP1, a GMC oxidoreductase, plays essential roles in deposition and assembly of Ubisch bodies and sporopollenin in rice.
Initial deposition of sporopollenin occurs at the tetrad stage. Early in that stage microspore plasma membranes become undulating, and cellulosic primexine forms beneath the callose wall. Some reports suggest that this deposition is guided by sporopollenin acceptor particles (SAPs) in the primexine (Skvarla and Rowley, 1987; Rowley and Claugher, 1991) . SAPs contain proteins derived from male germ cells, associated with sporopollenin reception. A primary pattern is defined by the plasma membrane undulation and primexine reception sites at this stage (Xu et al., 2016) . We found that pro-tectum and pro-baculum layers were generated with increasing deposition and polymerization of sporopollenin, but no difference was found in np1-4 at the tetrad stage, indicating that primexine formation and initial accumulation of sporopollenin were not affected in the mutant.
Although the initial deposition was normal, disruption of NP1 leads to a dramatic change in the subsequent accumulation pattern of sporopollenin precursors on the pollen surface, as well as the morphology of Ubisch bodies. In wild-type, sporopollenin precursors were assembled into two consecutive layers, but in np1-4 the precursors were assembled into two looser layers consisting of separated granules with large spaces intervening (Figures 3l and p , and 4d and h). Disruption of NP1 results in concomitant changes in Ubisch body morphology in the mutant, losing its integrity and appearing as disconnected spherical particles, as shown in examinations using SEM and TEM (Figures 3j and n, and 4b and f). These observations indicate that mutation of NP1 does not affect the production or translocation of major components of Ubisch bodies and sporopollenin; instead, such mutation most likely affects polymerization or assembly of their precursors. Patterning failure in Ubisch bodies and exine may result from the mutant missing one or several aliphatic components required for the cross-linking of these precursors. Supporting this hypothesis, levels of x-hydroxyl fatty acids and dihydroxy-hexadecanoic acid (major components of rice anther cutin) were significantly reduced in the mutant (Figure 5b ). We note that: (i) NP1 was found to be preferentially expressed in the tapetum; and (ii) the reduction of these cutin monomers is also observed in other sporopollenin biosynthetic mutants that show a morphological phenotype distinct from that of np1-4, in their Ubisch bodies and pollen exine (Li et al., 2006 Shi et al., 2011; Yang et al., 2014; Zhao et al., 2015) ; and (iii) GMC oxidoreductases have been previously shown to have the biochemical activity to catalyze the oxidation of an alcohol moiety to the corresponding aldehyde (Wongnate and Chaiyen, 2013) . For these reasons we suspect that decreased monomers may be different from in vivo products, which are probably responsible for the successful polymerization and assembly of Ubisch bodies and exine ( Figure S5) .
It is well known that most mutants of rice genes involved in sporopollenin biosynthesis exhibit defective anther cuticle structure, with remarkable reduction or absence of the typical Spaghetti-like anther cutin pattern (Li et al., 2006 Shi et al., 2011; Yang et al., 2014; Zhao et al., 2015) . In np1-4 anthers, the observed smooth cuticles and significantly reduced wax and cutin monomers suggest that NP1 is also involved in cuticle patterning. In Arabidopsis, At1 g12570, the ortholog of NP1, is a biosynthetic gene induced early by WAX INDUCER1/ SHINE1 (WIN1/SHN1), the key regulator of cutin biosynthesis (Kannangara et al., 2007) . Alternatively, NP1-related deficiency in anther cuticles may be a secondary effect of possible feedback regulation in sporopollenin and cutin biosynthesis and transport pathways, as the expression of several genes associated with cutin monomer biosynthesis (such as CYP703A3, CYP704B2 and DPW) and with lipid transport (such as OsABCG15 and OsABCG26) was significantly decreased in np1-4 anthers. Our results from this and previous studies suggest that Ubisch bodies, spaghetti-like anther nanoridges and sporopollenin are all chemically similar.
Programmed tapetum degeneration is critical for anther and pollen development. In rice, disrupted tapetum degeneration often results in abnormal Ubisch bodies, exine and cuticle structure (Li et al., 2006 (Li et al., , 2011 Niu et al., 2013; Fu et al., 2014; Men et al., 2017) . On the other hand, lipidic molecules synthesized in the tapetal cells are also important for normal tapetum development and degeneration. Mutation in several sporopollenin-biosynthesis genes interfered with the tapetal PCD process Yi et al., 2010; Shi et al., 2011) . In np1-4 tapetal cell death was delayed but eventually completed, suggesting that products of NP1 were involved in the PCD progression.
In a study parallel to ours, Chang et al. (2016) reported that osnp1-1, another allele of NP1, was also defective in tapetal-cell degeneration and the formation of exine and cuticle. Although the np1-4 allele identified in our study showed very similar defects in tapetum degeneration and cuticle development, osnp1-1 showed distinct impacts on Ubisch bodies and exine patterning. It formed thin exine and anther cuticle, and no mature Ubisch bodies -suggesting that the synthesis of lipidic precursors was severely disrupted. On the contrary, the NP1 mutation identified in our study has far less effect on the biosynthesis of sporopollenin precursors. This difference suggests that NP1 can catalyze several substrates. The mutated protein in our study may retain part of its enzymatic activities, but lose the ability to produce lipidic molecules important for the cross-linking of sporopollenin and Ubisch body precursors; osnp1-1, on the other hand, may represent a knockout allele. Another difference between the two alleles is in the effect of NP1 deficiency on the expression of genes associated with biosynthesis of sporopollenin, suggesting that the expression change might be an indirect feedback response rather than a direct consequence. Different amounts of sporopollenin precursors in the two classes of mutants may cause different feedback responses to the expression of biosynthetic genes. The exact reason for different impacts caused by two mutation sites is not clear. Clarification of underlying mechanisms will give clues to the NP1 biochemical functions.
The putative mechanisms underlying the role of NP1 in the patterning of Ubisch body and pollen exine Cross-linking of monomers is critical for creating the three-dimensional structure of anther cutin and pollen exine. It has been demonstrated that x-hydroxyl fatty acids are the dominant monomeric components of most cutins, usually with one or more additional midchain hydroxyl groups or an epoxy group. Linkage of fatty acids with a terminal hydroxyl group via esterification produces a linear polyester chain. In contrast, incorporation of fatty acids with two or more hydroxyls will generate a branched or dendritic structure. The presence and proportion of different cutin monomers therefore have great impact on cutin structure. Similarly, changes in the sporopollenin components have great impacts on exine structure. Many studies confirm that rice cutin and sporopollenin have monomers in common Shi et al., 2011; Yang et al., 2014; Zhao et al., 2015) ; so in np1-4, changes in the composition and proportion of cutin monomers are associated with similar changes in sporopollenin precursors.
The NP1 protein belongs to the GMC oxidoreductase superfamily, which includes a wide spectrum of prokaryotic and eukaryotic enzymes having FAD as a cofactor. These flavoenzymes contain two conserved functional domains: a FAD-binding domain and a catalytic domain. GMC enzymes oxidize substrates with CH-OH moiety via hydride transfer, to generate corresponding aldehydes. The catalytic activity and biological functions of fungal members of the GMC superfamily have been well documented (Wongnate and Chaiyen, 2013) , but those of plant GMC enzymes remain elusive. The enzyme Arabidopsis HTH is one that has been studied; hth mutants display fusion of floral organs, a phenotype defective in cuticle formation (Kurdyukov et al., 2006) . Furthermore, compared with wild-type, the hth cuticle layer is discontinuous or multilayered, which indicates that a deficiency of the gene HTH interferes with cross-linking of cutin polyesters. Consistently, the amount of a-, x-dicarboxylic fatty acids is largely reduced in hth mutants (Kurdyukov et al., 2006) , but its exact bioactivity remains unknown. Another Arabidopsis GMC superfamily member, At1 g12570, is the NP1 ortholog, inducible by cutin regulator WIN1/SHN1 and supposed to be involved in cutin biosynthesis (Kannangara et al., 2007) . A recent report indicates that At1g12570 has a partially conserved role in male reproductive development .
Although the discontinuous pollen exine in np1-4 resembles the broken cuticle layer of hth mutants, suggesting similar defects in monomer cross-linking, it is less likely that NP1 functions as an acyl alcohol oxidase involved in the biogenesis of dicarboxylic acids. As compared with Arabidopsis, in which dicarboxylic fatty acids account for up to 50% of total cutin monomers (Pollard et al., 2008) , only marginal dicarboxylic acids are present in the profile of rice anther cutin Shi et al., 2011) ; we were not able to detect any change in the amount of dicarboxylic acids in np1-4 anthers (Figure 5b ; Table S1 ). In addition, different cuticular lipid profiles obtained between hth and np1-4 might be explained by variant functions of NP1-like proteins in rice and Arabidopsis, and the different tissues used: anther in rice, inflorescence in Arabidopsis (Kurdyukov et al., 2006) . Our cuticular lipid profile of rice anther was similar to that observed in maize anther, and the change in cutin profile between wild-type and np1-4 in rice was also similar to that between wild-type and ipe1 mutant in maize , emphasizing different functions of NP1 proteins between monocot and dicot plants. Alternatively, NP1 may be involved in the production of other cross-linking monomers such as epoxy-fatty acids, which are among the dominant constituents of rice cutin; but here, technical difficulties prevent the gathering of biochemical evidence. Besides cutin and wax, plant cuticle contains cutan: a non-degradable polymer mainly of ether-linked aliphatics. Compared with cutin, cutan is more resistant to delipidation and depolymerization treatments that are used to cleave ester-bond linkage. Considering this resistance to depolymerization, ether linkages may also figure substantially in the sporopollenin biopolymer. Ether bonds might be generated from the ring-opening reaction of epoxy-fatty acids. Epoxides may be biosynthesized by cytochrome P450s. It has been demonstrated that Arabidopsis CYP77A4 is capable of catalyzing the epoxidation of unsaturated C18 fatty acids in vitro (Sauveplane et al., 2009) , but its biological function in vivo remains unclear. In np1-4, the proportion of epoxides is significantly reduced (Table S1 ). Although GMC oxidoreductases normally use x-alcohols as substrates, we cannot rule out the possibility that NP1-4 catalyzes the dehydration of fatty acids with mid-chain hydroxyls to produce epoxides.
In conclusion, our study reveals an essential role for the enzyme NP1 in the formation of anther cuticle and pollen exine, probably by its effects on the polymerization and assembly of sporopollenin and Ubisch bodies ( Figure S5 ). Further biochemical characterization of NP1 will provide more clues to its functional mechanisms in male angiosperm reproduction processes, with substantial theoretical implications and likely application in plant management and agriculture.
EXPERIMENTAL PROCEDURES Plant materials and growth conditions
All rice plants (O. sativa L.) used in this study were in japonica cultivar 9522 background. They were grown in the paddy field of Shanghai Jiao Tong University. The F2 population for gene mapping was generated by crossing np1-4 mutant plants (japonica) with Guangluai 4 (wild-type, indica). Then progeny with male sterile phenotype in F2 population were selected for gene mapping.
Phenotypic characterization of np1-4
The morphology of whole plants and floral organs was recorded with a Nikon E995 digital camera. To evaluate pollen viability, wild-type or np1-4 anthers were immersed in I 2 -KI solution (0.2% iodine, 2% potassium iodide) and crushed with a forceps. Pollen grains released from anthers were photographed through a microscope (Leica DM2500). Phenotypic observations in semi-thin sections were performed as described by Li et al. (2006) . Developmental stages of the rice anther were referred to Zhang and Wilson (2009) and Zhang et al. (2011) .
For TEM observation, wild-type and np1-4 anthers were fixed in 4% (w/v) paraformaldehyde (in 0.2 M sodium phosphate buffers, pH 7.0) for 12 h, then post-fixed with 2% OsO 4 in phosphate-buffered saline (pH 7.2) for 4 h. After serial ethanol gradient dehydration and epoxy propane replacement, samples were embedded in acrylic resin (London Resin Company, London, UK). Then, ultra-thin sections (70 nm, using an Ultramicrotome Leica EM UC7) were double-stained with 2% (w/v) uranyl acetate and 2.6% (w/v) lead citrate aqueous solution. Sections were observed with a 120 kV biology TEM (FEI, Tecnai G2 Spirit BioTWIN).
For SEM observation, wild-type and np1-4 anthers were fixed in FAA solution for 2 h. Anthers were then dehydrated through 40, 50, 60, 70, 80, 90, 95 and 100% ethanol series, dried with an automated critical point dryer (Leica EM CPD300), and coated with gold using a cool sputter coater (Leica EM SCD005). Treated anthers and pollen grains were observed under SEMs (Hitachi S3400N).
Cloning of NP1 and mutant complementation analysis
Bulked segregation analysis (Liu et al., 2005) was used to map the NP1 locus. InDel markers were designed based on the sequence differences between rice japonica and indica subspecies (http:// www.ncbi.nlm.nih.gov). NP1 was primarily mapped between InDel markers Os1006 and Os1008. A further seven InDel markers were used, and NP1 was finally mapped between 83T-4 and 1LE. Primers used in the map-based cloning are listed in Table S3 .
A 5.8-kb genomic fragment of NP1 -including 2.9-kb upstream promoter region, 2.0-kb NP1 coding region and 0.9-kb downstream region -was amplified using a BAC clone containing NP1 sequence as the template. The PCR product was inserted into the binary vector pCAMBIA1301 and introduced into np1-4 mutant plants by Agrobacterium tumefaciens-mediated transformation with the EHA105 strain (Li et al., 2006) . Transgenic plants were identified by PCR, and 21 positive transgenic plants were obtained. Primers used for vector construction are listed in Table S5 .
qRT-PCR and promoter::GUS analysis of NP1 expression pattern Total RNA was extracted by Trizol reagent from various tissues at different developmental stages. Development stages of wildtype and mutant anthers were as defined by Zhang et al. (2011) . One microgram of RNA per sample was taken to synthesize cDNA using the Primescript1 RT reagent kit with gDNA eraser (Takara). qRT-PCR was performed on the BIO-RAD C1000 thermal cycler using SYBR â Premix Ex Taq TM GC (Takara, Dalian, China). Data analysis was performed as previously described. Three replicates were performed for each experiment (Li et al., 2006; Yang et al., 2014) . Primers used for PCR amplification are listed in Table S4 .
A 2.9-kb upstream region of the NP1 gene was amplified using the same BAC used for complementation construct; and the NP1 promoter was cloned into pCAMBIA1301. The pNP1::GUS construct was introduced into wild-type plants by A. tumefaciensmediated transformation. GUS activity was analyzed by incubating the leaf, stem, root and spikelets at different developmental stages from transgenic lines overnight with X-Gluc (5-bromo-4-chloro-3-indolyl-b-D-glucuronide) solution (Willemsen et al., 1998) . Tissues were cleared in 70% (v/v) ethanol and photographed with a phase-contrast microscope (Leica DM2500). Primers used for vector construction are listed in Table S5 .
Anther cutin and wax chemical analysis
Panicles at stage 12 from wild-type and np1-4 were removed from rice plants and immediately frozen in liquid N 2 . Panicles were freeze-dried using a Labconco FreeZone freeze dryer. Anthers were collected and stored in a dehydrator at room temperature until analyzed. Compositions of cutin and wax were analyzed as described in previous reports . Measurement of anther surface areas was also as previously described Shi et al., 2011) . 
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